Glutathione-chitosan conjugates are adequate carriers for anticancer treatment due to their ability for inhibition of e ux pumps, improved mucoadhesivity and insitu gelling. These conjugates were obtained via carbodiimide at different reaction times in order to get different thiolation degrees (i.e., 4.4%, 5.1% and 7.0%) and their behavior in aqueous media at a pH of 4, 5 and 6 was assessed by measurements of hydrodynamic diameter, zeta potential and rheological analyses at a pH ranging from 4 to 6. Data examination was conducted by principal component analysis (PCA) which in turn explained 73.1% of data variability. All samples showed a Newtonian flow and thiolation rendered materials with a highly pronounced temperature-dependent behavior and a gel-like structure. In turn, the phase shift angle was the most prominent rheological change especially at a pH of 5.0 and 6.0 due to the formation of disulfide bonds. The thiolation degree was the most influential factor and it was inversely related to particle charge and consistency index.
Introduction
Chitosan (CH) is a cationic polymer with biodegradable, biocompatible, and mucoadhesive properties, which have been the object of thousands of studies in diverse science fields. This material has been used to create composites, microcapsules, nanoparticles, and cross-linked materials. For instance, thiolation of the CH structure confers particular properties such as in-situ gelling, mucoadhesivity, cell permeation and inhibition of e ux pumps [1] . This ultimate parameter is relevant for the treatment of cancer, especially where resistant lines are involved. Moreover, these polymers also known as thiomers are formed by the covalent attachment of ligands such as 6-mercaptonicotinic acid, cysteine 2-imiothiolane, N-acetyl-penicilamine, 4mercaptobenzoic acid, N-acetyl-cysteine, glutathione, and thioglycolic acid [2] , and their in-situ gelling properties differ on the magnitude of the gel-sol transition time. The latter property is crucial on formulations intended for mucoadhesive drug delivery generating a stable rapid and gel-like structure avoiding the removal mechanisms on mucosa, and hence extending the residence time of the loaded drug [3] . Currently, only the study of Sakloetsakun and collaborators has explored the rheological behavior of just one type of thiolated chitosan. In this case, they synthesized thioglycolic acid-CH conjugates followed by oxidation and assessed the frequency sweep response. As a result, oxidation promoted the generation of disulfide bonds, reduced the amount of free thiol moieties, decreased the sol-gel transition time and loss tangent. Conversely, oxidation enhanced the values of dynamic viscosity of these conjugates [4] .
Since the anion form of the thiol moiety is very stable the thiolation reaction must be carried out at acidic pH (i.e., <5) in order to avoid the oxidation of thiol groups [5] . Conversely, the use of catalysts such as N-hydroxysuccinimide allows for a reaction to take place at a pH range from 5.0 to 6.5 and extended times up to 24 h [6] . Up-to-date, there are no studies about the effect of larger reaction times and thiolation degree on the aqueous characterization of thio-lated chitosan. Therefore, the goal of this study is to characterize and evaluate the rheological behavior in solution of three glutathione-CH conjugates obtained at reaction times ranging from 24h, 72h and 120h corresponding to thiolation degrees of 4.4%, 5.1% and 7.0%, respectively. Therefore, it is worthwhile to explore and evaluate the performance of these highly thiolated materials at a pH range (4-6) and temperature (37 ∘ C) similar to those of the human body and infer their aqueous behavior for the delivery of bioactive agents. In turn, the release rate of these agents will be affected by the thiolation degree of the glutathionchitosan conjugates.
Experimental

Materials
CH with a degree of acetylation of 25% (lot STBF8219V), N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (carbodiimide) (lot, BCBR6841V, purity >97%), glutathione (lot SLBQ4892V, purity >98%) and N-hydroxysuccinimide (lot MKBX1364V, purity 98%) were purchased from Sigma Aldrich Co (St. Louis, Missouri, USA). Sodium hydroxide (lot B1315798639), HCl (lot K45147217 349), deuterium oxide (D 2 O, lot S5725666, purity ≥ 99.9%) and acetic acid (lot K41575763) were obtained from Merck (Darmstadt, Germany). Sodium chloride (lot 13843802) was purchased from Scharlau (Barcelona, Spain).
Synthesis of thiolated chitosan
Approximately, 100 mL of 1% (w/v) solution of deaceytaled CH (DCH with a deacetylation degree of 85% and 477 kDa MW, obtained by microwave-assisted alkaline hydrolysis for 2h, using additive cycles of 5 min) was prepared in 1% (v/v) acetic acid at a pH of 6.0 (adjusted with a 5N NaOH solution). Subsequently, the solution was mixed with 5g of glutathione, carbodiimide and N-hydroxysuccinimide to get a final concentration and pH of 200 mM and 6.0, respectively. This mixture was kept under constant stirring for 24, 72 and 120h at 25 ∘ C. Thereafter, the mixture was dialyzed in 5 mM HCl solution using membranes having a cut-off MW of 12 kDa. The dialysis process was then repeated with 5 mM HCl/1% (w/v) NaCl, followed by treatment with 1 mM HCl in 24h cycles. Thiolated materials were then lyophilized at −45 ∘ C and 0.04 bar (Model, EYELA FDU-1100, Rikakikai Co., Tokio, Japan) and stored in a desiccator under silica gel at 25 ∘ C until further testing.
1 H-NMR Characterization and quantification of the thiolation degree
The 1 H-NMR spectra of polymers dissolved in D 2 O acidified with acetic acid were recorded on a Bruker Ascend III HD spectrometer using a 5 mm TXI probe and operated at 600 MHz. The MestRenova software (Mestrelab Research S.L., v.12) was used for collecting the spectra, whereas the Peakfit software (Seasolve, Inc, v.4.12) was used to calculate the area under the curve. The thiolation degree (TD) was determined as follows:
Where, A SH corresponds to the integral of SH signal at~1 ppm and A total is the complete area under the curve in the 1 H-NMR spectrum.
Particle size and zeta potential analyses
The effect of media pH on particle size and zeta potential of thiolated materials was assessed on a Zetasizer (Nano ZSP, Malvern Instrument-UK) coupled with an auto-titrator. A 1M NaOH solution was used as a titration agent. Polymer solutions of 2 mg/mL were tested at a pH ranging from 4 to 6. Measurements were performed in triplicate at 25 ∘ C.
Rheological analysis
The rheological tests were performed on a Rheometer (MCR 92, Anton Paar, Graz, Austria) coupled with either a cone-plate or concentric cylinder, accordingly. Approximately, 500 mg of each material was dissolved in 50 mL of 1% (%v/v) acetic acid solution. The initial pH of all solutions was 4.0 and subsequently 10.0 mL aliquots were taken followed by pH adjustment at 5.0 and 6.0 with a 3M NaOH solution. All measurements were performed at a temperature of 37.0 ±0.3 ∘ C once reached this condition.
Flow behavior
Samples were analyzed using a concentric cylinder geometry (26.66 mm, diameter) coupled with the Rheocompass (v.1.20, Anton Paar) software. Three frequencies intervals were employed: (i) an ascending phase of 0.01-100 Hz, followed by 100 Hz for 1 min and (iii) a deceleration phase of 100-0.01 Hz. The dwell time at each phase was 1 min and 10 measurements were recorded for interval. Approximately, 15 mL of each sample was poured in the measuring cup (C-CC27/T200/XL and 28.934 mm diameter) and data were fitted to the Herschel-Bulkley, Oswald and Bingham models as follows:
Where, τ, t 0 , K,Ý, η b and n correspond to the shear stress, yield stress, the consistency index, shear rate and flow behavior index, and Bingham viscosity, respectively.
Viscoelastic properties
The linear-viscoelastic region was determined from 0.01 to 100% of strain employing a cone-plate geometry (1 ∘ angle and 50 mm diameter, gap 0.150 mm) and 2 mL of sample. The frequency sweep was executed from 0.1 to 628 Hz at a 1% strain using a cone-plate system and 21 points of storage (G´), loss moduli (G´´) were recorded, along with their crossover points (PC).
Temperature sweep
The temperature sweep was evaluated using 15 mL of sample and a concentric cylinder geometry at a strain and frequency of 0.1% and 1 Hz, respectively. A heating phase was conducted from 25 to 80 ∘ C at a rate of 2.9 ∘ C/min followed by a cooling phase from 80 to 25 ∘ C at a rate of 1.6 ∘ C/min.
Statistical analysis
The statistical analysis was performed using the Minitab software (v. 17, Minitab Inc., State College, PA, USA). Further, a one-way ANOVA test was used for data analysis and p-values <0.05 were considered as significant. Moreover, a multivariate analysis known as PCA was used to determine the relationship of the variables studied.
Results and discussion
Synthesis of thiolated chitosan
Thiolated DCH was generated by the inclusion of glutathione to the DCH backbone forming an amide linkage between the carboxylic acid moiety on the glycine residue of glutathione and amine moiety of the C-2 of DCH. Carbodiimide was used to activate the carboxylic moieties forming an O-urea derivative, which reacted with the amine moieties of DCH. However, these CH conjugates are easily hydrolyzed and thus, N-hydroxysuccinimide allowed for the formation of a more stable ester derivative increasing the thiolation degree of DCH. Therefore, the O-acylisourea derivatives are transformed into a Nhydroxysuccinimide-activated carboxylic acid, forming a zero-length branching with the amine groups of DCH [7] ( Figure 1 ).
1 H-NMR characterization and quantification of the thiolation degree
The 1 H-NMR spectra of DCH and thiolated derivatives are shown in Figure 2 . The DCH spectrum shows signals at 2.9-3.1 ppm attributed to the hydrogen proton of the glucosamine subunit. The peaks at 3.4-4.0 ppm represent the H 3−6 anomeric protons of the carbohydrate ring [8] . Moreover, the glutathione spectrum reveals signals at 1.3-1.4 ppm ascribed to the SH proton, and the signals at 1.8-1.9 ppm are shown as a shoulder of the main of acetic acid peak, attributed to the H 12−13 protons. Further, the signals at 2.3-2.5, 3.7-3.8, 3.9-4.0 and 4.4-4.5 are due to the H 10−11 , H 14 , H 2−3 and H 8 protons, respectively [9] . Conversely, the spectra of thiolated materials showed a peak at 1.0-1.2 ppm due to the SH proton of glutathione [10] and other typical signals of glutathione as mentioned previously. Further, the resulting thiolation degree of these materials was 4.4%, 5.1% and 7.0% and these samples were labeled as CH-SH-24h, CH-SH-72h and CH-SH-120h indicating that the reaction time had a significant effect on the incorporation of glutathione onto the DCH backbone.
Determination of particle size and zeta potential
The zeta potential and hydrodynamic diameter vs pH profile of thiolated materials is depicted in Figure 3 . In all the cases, the zeta potential (PZ) decreased with the increasing pH. This phenomenon is explained by the loss of positive density charge of amine moieties (changing from NH + 3 to NH 2 ) in DCH [11] . On the other hand, the magnitude of PZ of thiolated derivatives was insignificant as compared to that of DCH due to the ionization of the carboxylic acid moiety of the glutathione, which conferred a negative charge within the polymer neutralizing the amine moieties. For this reason, as the thiolation degree increased, the magnitude of PZ decreased due to a greater presence of carboxylic groups coming from glutathione. Likewise, as the pH increased the hydrodynamic diameter (D H ) of DCH increased. This is explained by the synergistic effect due to (i) the inter-chain attractive interactions such as hydrogen bonds and (ii) hydrophobic interactions due to the decrease of electrostatic repulsion allowing for interchain interactions forming larger agglomerates. Furthermore, with the decrease of protonation DCH became insoluble resulting in a D H increase [12] . Nevertheless, the D H of thiolated materials showed an opposite behavior at pH of 5.0 and 6.0 resulting in lower values due to the oxidation of free thiol groups to disulfide bonds decreasing the volume occupied by the polymer chains. Moreover, DCH was obtained by microwave-assisted alkaline hydrolysis rendering a product with chains having different lengths due to the random breakdown of glycosidic bonds in the CH structure, resulting in a non-homogeneous D H . This fact was corroborated by the high values (>0.5) of polydispersity index (PDI) listed in Table 1 .
Rheological analysis
Flow behavior
The flow curves of the samples are presented in the Figure 4 . These profiles show a lineal increment of shear stress as the shear rate increases. Conventionally, the testing mode for assessing the hysteresis behavior of a material implies conducting at least one ascending and de- cise stress values at low shear rates. The "n" factor indicates the flow type behavior, when it takes the value of 1 the materials behaves as a Newtonian fluid. On the contrary, if n is lower or larger than 1 indicates a shear thinning and shear thickening behavior, respectively [13] . Therefore, in most samples is expected a Newtonian behavior since they exhibited n values ranging from 0.94 to 1.12. Thus, the shear rate favored the disruption of entangled polymer coils, but re-entanglement occurred simultaneously mitigating the effect of shear rate [14] . Moreover, at a pH of 5.0 and 6.0 this index moved to values larger than 1.0 for CH-SH-24h and CH-SH-72h due to the formation of disulfide bonds. However, the flow behavior of DCH showed a concentration-dependent character as proved by Hwang and Shin. Thus, at concentrations larger than 1% (%w/v) it showed a pseudoplastic flow due to a restriction on the movement of individual chains as a consequence of the high molecular density, and thus, the lag time for new entanglement formation increased [15] . Solutions of chitosan composites have shown a similar behavior. For instance, Singh and Kumari developed CH/starch composites and found that as the CH level increased, the aqueous behavior deviated from Newtonian to a pseudoplastic flow [16] . On the other hand, the consistency index (K) of thiolated conjugates was lower than those of DCH independent of pH. This effect can be attributed to the amorphization increment upon thiolation (the crystallinity degree for DCH was~45%, whereas those found for thiolated derivatives was <15%). This phenomenon in turn, limits entanglement driving movement in the chains upon shear rate initiation. Likewise, as the thiolation degree increased, the "K" factor increased. Conversely, the values of yield stress as expected remained low due to the prevalent Newtonian flow exhibited for most samples. This fact was corroborated by the hysteresis areas (AH), as calculated from the ratio of the increasing and decreasing segments of the flow curve, which were lower than 5% (Table 1) indicating a predominant Newtonian flow. The coefficients of determination (r 2 ) ranged from 0.9711 to 0.9998, indicating that the Herschel-Bulkley model described the experimental data satisfactorily.
Viscoelastic properties
In general, the viscoelastic region of samples ranged from 0.1 to 10% of strain independent of the medium pH. Figure 5 depicts the effect of frequency on the G´and G´ḿ odules at each pH value. In the case of DCH at pH of 4.0 G´´was larger than G´indicating the prevalence of the viscous component, whereas at higher frequencies Gẃ as larger than G´´indicating a breakdown of the arrangement of the polymer chains in solution. Moreover, as pH increased G´was larger than G´´at low frequencies mainly due to interactions such as hydrogen bonds, London and Van der Waals forces as explained above, causing a major tension in the chain segments and the formation of multiple entanglements rendering a predominant elastic behavior [14] . Further, G´surpassed G´´in thiolated CHs independent of pH and frequency indicating a solid-like behavior, attributed to higher polymer chain entanglements due to their lower zeta potential as compared to DCH indicating minor electrostatic repulsions and major interactions such as hydrogen bonds and hydrophobic attractions upon inclusion of GSH. Likewise, as the pH increased, the difference in magnitude between G´and G´´increased in thiolated derivatives indicating a more pronounced elastic component presumably due to the formation of new disulfide bonds between chains. Thus, as the thiolation degree increased the frequency at which the intersection points in the modules also augmented along with G´. Interestingly, G´of CH-SH-72 at a pH of 6.0 was not influenced by the frequency sweep. The formation of disulfide bonds as reflected by the G´increment has been verified in studies where thiolated derivatives of CH (2-iminothiolane and thioglycolic acid conjugates) were incubated at 37 ∘ C for 6 h and periodically tested by a frequency sweep. Therefore, the different incubation periods promoted the formation of disulfide bonds due to the oxidation of free thiol groups. As a result, the G´increased as the incubation time proceeded and concomitantly the content of free thiol groups decreased [17, 18] . Table 2 lists the G´, G´´and phase shift angle (PSA) as resulted from the heating and cooling cycles for all samples at different pH. There were statistically significant differences (p<0.05) for G´at a pH of 6.0, particularly for thiolated derivatives. Therefore, the values of G´during the cooling phase were higher than those obtained at the heating phase since thermal treatment favored the oxidation of free thiol groups into disulfide bonds creating a more condensed structure in the polymer. As a result, PSA decreased during the cooling phase indicating a gel-like behavior due to crosslinking of chains by disulfide bonds conferring an ordered three-dimensional arrangement [19] . On the other hand, when the temperature increased the flexibility of DCH chains increased in response to the increment in the kinetic energy upon heating resulting in torsion of glycosidic linkages [20] . Moreover, DCH only showed a gel-like-behavior at a pH of 6.0 as it is evidenced in the Figure 6 
Temperature sweep
Multivariate analysis
The PCA correlation analysis (PC1, PC2 and PC3) indicates that 73.1% of variability in the data set is explained by the first three components. The raw data used for this analysis are presented in the Table 1 . The variance for PC1, PC2 and PC3 was about 4.6, 3.1 and 1.8, respectively. Figure 7 depicts the loading plot of the PCA exhibiting two clusters for data variability. The PC1 vector relates G´and G´´moduli with flow behavior index, yield stress and D H . The PC2 vector relates the thiolation degree with crossover points, but where inversely related with the consistency index, hysteresis area, zeta potential and PDI index. The PC3 shows an inverse relationship of the pH and hysteresis area pair with phase shift angle and crossover points. The scores for PC1, PC2 y PC3 can be briefly expressed as: Moreover, from the correlation analysis is deduced that thiolation degree was inversely correlated with the consistency index (r = −0.845) and zeta potential (r = −0.702). In turn, the zeta potential was correlated with the consistency index (r = 0.700). Likewise, G´and G´´were highly correlated (r = 1.000) and, at the same time they were correlated with the flow behavior index (r = 0.774) and yield stress (r = 0.765).
It is worthwhile mentioning that a moderate thiolation degree (5.1%) provides a solid-like behavior independent of the shear rate at the pH range between 4 and 6. This interesting result is the key for the controlled release of bioactive ingredients upon oral administration since these molecules should withstand the pH and peristaltic movement of the GI tract. Likewise, thiolated derivatives showed a major gel-like behavior implying a better modulation of the release rate of these compounds. Moreover, if needed the synthesis method could be modified by adding heating and thawing processes in order to target specific sites in the GI tract.
Conclusion
Thiolation of DCH rendered products that presented a major elastic component. These derivatives were susceptible to the increment of temperature and pH, which in turn favored the rise of the storage modulus and the formation of a gel-like structure due to the oxidation of thiol groups to disulfide bonds. The thiolation degree was the most influential parameter on the physical behavior of this material in solution. Furthermore, the Newtonian flow of DCH was not affected by thiolation, but thiolated products lost the innate thermoreversibility of DCH. Future studies, should deal with the effect of temperature on gelling time and assess the effect of thiolation degree on the controlled release of key bioactive compounds.
